Introduction
The Department of Energy Hanford Site in eastern Washington State is the largest nuclear waste storage site in the United States, with 54 million gallons of radioactive waste contained underground in storage tanks [1] [2] [3] . The first tank leak, reported in 1956, was a result of corrosion, with about 67 tanks believed to have leaked about 0.75-1.5 million gallons of radioactive waste into the soil, resulting in the contamination of the vadose zone [4] .
Among the 46 radionuclides in the waste tanks [5] , technetium-99 (Tc-99) is of considerable interest due to the quantities present, its long half-life (t 1/2 = 2.13 × 10 5 years), and its diverse chemistry [6] [7] [8] . Various remediation methods for technetium contamination in the vadose zone from tank leakage at the Hanford Site have been considered [9] [10] [11] [12] [13] [14] . The gas-phase approach using hydrogen *Author for correspondence (E-mail: JurissonS@missouri.edu).
sulfide (H 2 S) gas, which is specifically designed for vadose zone treatment, is attractive due to Tc-99 contaminated soil. The relatively easy introduction of the H 2 S gas to the vadose zone, the control of H 2 S delivery, and the efficient removal of H 2 S gas after completion of the treatment all add to the potential utility of the in situ H 2 S gaseous remediation method to both laboratory and real field applications [15] [16] [17] .
The concentration of TcO 4 − in the tanks was at the 10 −5 M level, indicating the TcO 4 − concentration in the vadose zone would be lower than this. Once the H 2 S gas, in large excess, is introduced into the vadose zone, the fraction of H 2 S that reacts with TcO 4 − and the rate of oxidation of H 2 S in the gas phase would be insignificant [2, 18] . As a result, the main pathway for excess H 2 S consumption in the vadose zone would involve reactions with minerals.
Iron oxides are the major constitutes of the soil in the vadose zone [19, 20] and they have been reported to effectively remove H 2 S from the gas stream through a gassolid reaction, to a theoretical maximum of 0.6 g H 2 S/g Fe-oxide(s) [21] . This indicates that significant amounts of H 2 S would be consumed by iron oxides present in the vadose zone during in situ gaseous immobilization to generate significant quantities of iron sulfide (FeS) [22, 23] . FeS might also be generated from dissimilatory sulfate reduction by bacteria present in the soil [24, 25] with no difference in the FeS product [26, 27] .
Amorphous FeS is a highly reactive phase and has been widely used to reduce mobile non-radioactive metal oxyanions to insoluble species [28] [29] [30] . The interaction between iron sulfide and TcO 4 − showed that TcO 4 − in aqueous solution could be effectively reduced and coprecipitated with FeS [31] [32] [33] [34] , with a TcS 2 -like product identified by X-ray absorption spectroscopy [35] [36] [37] . Further studies on the reoxidation of the FeS host with aging showed that rather than being oxidized back to TcO 4 − , a TcO 2 -like phase formed, indicating that long term immobilization might be achieved [36, 37] . Based on these results, it may be possible to inject H 2 S gas into the vadose zone to reduce the iron oxides to FeS, creating a permeable reactive barrier of FeS for preventing the migration of TcO 4 − . However, the FeS-TcO 4 − reaction is not well understood regarding the stoichiometry of the reaction, factors influencing the reaction, the reaction capacity, or the product characterization. The objectives of this study were to (1) study the basic chemistry between FeS and TcO 4 − in aqueous solution under anaer-obic environments, including the effects of pH and ionic strength; (2) study the reaction capacity of FeS for TcO 4 − and the stability of the product under both aerobic and anaerobic environments; and (3) characterize the products generated during the TcO 4 − -FeS reaction.
Experimental section Materials
Caution! Tc-99 is a weak β-emitter (E max = 294 keV, 100%). All operations were carried out in a radiochemical laboratory equipped for handling this radionuclide. Solid ammonium pertechnetate was obtained from Oak Ridge National Laboratory. This material, which should be white, was black indicating it had undergone radiolytic autoreduction to TcO 2 . Pertechnetate was regenerated by refluxing this mostly black solid with hydrogen peroxide for 1 h. All water used was 18-MΩ water (Barnstead, USA). Except where noted, chemicals were reagent grade, obtained from either Aldrich Chemical Co. or Fisher Scientific, and used without further purification. Anaerobic studies were done at room temperature in an inert glove box filled with argon. A NaCl solution (0.1 M) was used for ionic strength control except where indicated, as it did not react with any reagents or products. All solutions used in the anaerobic studies were freshly prepared with 18-MΩ water that had been purged with Ar for 2 h prior to use. The aerobic studies were carried out on a laboratory bench with freshly prepared solutions that had not been degassed and were open to the atmosphere. All sample preparations were done in 10 mL sterile vials following the sequence: 5.0 mL of 0.1 M NaCl solution, FeS solid (0.75-15.0 mg), equilibration for 10 min, and finally the TcO 4 − solution. Controls, which were identical to the samples except for the absence of FeS, were run simultaneously under the same conditions. After preparation, the vial was immediately capped with a teflon-lined septum, crimp-sealed with an aluminum cap, evacuated by syringe and flushed 5 times with Ar. All samples were stirred with teflon coated stir bars and run in quadruplicate (n = 4).
FeS preparation
A stock amorphous iron sulfide (FeS) suspension was prepared by mixing equal volumes (20 mL) of 1.0 M Fe(NH 4 ) 2 (SO 4 ) 2 and 1.0 M Na 2 S solutions at a constant rate of 0.5 L/min into a 2.0 L reaction vessel while stirring at 800 rpm under Ar [38] . The suspension was filtered using a 0.2 µm nylon filter to isolate the solid, which was then freeze-dried in a lyophilizer over 3-4 days. Following lyophilization, the FeS was sealed in a 10 mL vial filled with Ar and stored at −18
• C until use.
Potentiometric titrations
Potentiometric titrations were used to measure the point of zero charge (pH pzc ) of the FeS [38, 39] . Due to the sensitivity of the sulfide surface to oxidation by oxygen [40, 41] , all potentiometric titrations were done manually under anaerobic environments. The FeS titrations were conducted on an in situ precipitated FeS suspension in 0.1 M NaCl solution. The suspension was filtered through a 0.2 µm nylon filter, washed with pure water and then returned to the titration vessel containing background electrolyte solution (i.e., 0.01, 0.1 and 1.0 M NaCl). The titrations were performed at room temperature from pH 6 to pH 10.5 with 0.1 M HCl and 0.1 M NaOH following the procedures reported by Parks et al. [42] .
Solubility of FeS
The solubility of FeS was determined in 0.1 M NaCl solution, pure water, 0.1 M PIPES (1,4-piperazinebis(ethanesulfonic acid), pK a = 6.80 at 20
• C) buffer (pH 6.1 and 7.0), 0.1 M HEPES (2-[4-(2-hydroxyethyl)-1-piperazine]ethanesulfonic acid, pK a = 7.55 at 20
• C) buffer (pH 7.4), and 0.1 M Tris-HCl (tris(hydroxyl-methyl)aminomethane, pK a = 8.3 at 20
• C) buffer (pH 8.5 and 9.0) under anaerobic conditions. Freshly prepared FeS (5.0 mg) was stirred with a teflon coated magnetic stirrer in 50 mL of fully degassed solution under anaerobic conditions. The samples were collected immediately following equilibration of FeS in the solutions and 24 h later. Since some of the FeS particles were in the nanometer size range and would not be removed by the 0.2 µm nylon filter, all the samples were kept sealed and centrifuged for at least 10 min prior to analysis. The supernatant was filtered and used for UV-vis measurements for sulfide, Fe 3+ and Fe 2+ (Ocean Optics USB2000 Spectrometer) [43, 44] .
Product stability, reaction stoichiometry, and reaction capacity
The stability of the products obtained from the FeS-TcO 4 − reaction was studied under both anaerobic and aerobic environments in 0.1 M NaCl solution over a period of 8 months. The stability of the product was evaluated using the concentration of TcO 4 − found in solution over time using liquid scintillation counting (LSC) and thin layer chromatography for product identification. The results from this study were used to hypothesize the stoichiometry of the reaction between FeS and TcO 4 − and to calculate the immobilization capacity of FeS for TcO 4 − .
Factors influencing the FeS-TcO

−
reaction
The effect(s) of ionic strength on the FeS-TcO 4 − reaction under anaerobic environments was studied in 0.1, 0.5 and 1.0 M NaCl solution at FeS and TcO 4 − concentrations of 0.15 mg/mL and 150 µM, respectively. The effect(s) of pH was investigated at the same FeS and TcO 4 − concentrations and the same buffers (pH 6.1-9) as used for the FeS solubility study.
Analyses
Transmission electron microscopy (TEM) imaging analysis of freeze-dried FeS was performed on a JEOL 1200EX transmission electron microscope (100 kV) (JEOL, Japan). Scanning electron microscopy (SEM) imaging and energy dispersive X-ray spectroscopy (EDS) analysis were performed on a Hitachi S4700 field emission scanning electron microscope (5.0 kV) (Hitachi, Japan). The EDS data were used qualitatively. Approximately 1.0 mg of freezedried FeS dispersed in acetone was quickly loaded onto a copper grid coated with carbon in a glovebox, dried under vacuum overnight and mounted into a low-background specimen microscope holder. Both TEM and SEM-EDS images were recorded photographically. The electron microscopy analyses were done at the Electron Microscopy Core at the University of Missouri.
The Brunauer, Emmett, and Teller (BET) surface areas (nitrogen gas, 11 point measurement) were measured with a Quantachrome Autosorb 1-C automated gas sorption system (Quantachrome Instruments, USA) in the Chemical and Biological Engineering Department at the University of Missouri-Rolla.
Liquid scintillation counting (LSC) of 99 Tc was performed using a Delta 300 liquid scintillation counter, with an efficiency of 98% for Tc-99 (channels 50-950). All samples were centrifuged for 10 min and only the top of the clear supernatant was used for counting. The sample occasionally contained immobilized Tc compounds in colloidal form (i.e., black color visible) that could not be removed by centrifugation; silica gel thin layer chromatography (TLC) analyses with saline and acetone as the developing agents were then used to determine the percentages of colloidal sample and pertechnetate present. The developed TLC plates were analyzed with a Bioscan 200 Imaging Scanner. Fourier transform infrared (FT-IR) spectroscopy studies of the products generated from the TcO 4 − -FeS reaction were run with nujol mineral oil and disposable Thermo ST-IR cards composed of microporous polyethylene (PE)/polytetrafluoroethylene (PTFE) substrates on a Thermo Nicolet Magna-IR spectrometer 550. The pH and potential of the solutions were measured with an Accumet 910 pH meter equipped with an Accumet glass pH combination electrode with a single junction calomel reference, which was calibrated with certified pH 4, 7 and 10 buffers.
X-ray absorption spectroscopy (XAS) [45] was used for characterization of solid products obtained from the reactions. The samples were prepared, triply-encapsulated, and sealed in a bag filled with Ar to prevent oxidation of the samples, at the University of Missouri prior to shipment to the Advanced Photon Source (APS, Argonne IL). The Tc K -edge (21 044 eV) X-ray absorption spectra were measured at the Material Research Collaborative Access Team (MRCAT) undulator beamline (10-ID-B). Due to a range of Tc concentrations, X-ray absorption spectra were collected in either transmission or fluorescence geometries. Transmission measurements utilized two Boyd Technologies' ion chambers. The incident energy monitor used 100% N 2 as the detection gas, while the transmission chamber used a gas mixture of 75% N 2 : 25% Ar. Fluorescence data were collected with a sixteen-element germanium detector (Canberra Detector with XIA electronics). The beamline used a double-crystal Si(111) monochromator for energy selection and a rhodium mirror for harmonic rejection. The photon energy was calibrated with an off-axis uranium dioxide reference sample using scattered radiation to excite the U L 2 -edge (20 955 eV).
The spectra were reduced, according to the standard EXAFS analysis procedures, using the XAMath [46] , IFEFFIT [47] , Athena [48] , and FEFF 8.4 mpi [49] software packages. The spectra were aligned and summed with XAMath. Fitting and reduction was done in IFEF-FIT using theoretical standards calculated with FEFF. Linear combination fitting of XANES spectra [50] [51] [52] has been demonstrated to be quantitative when applied to environmental problems including work involving Tc [53] . Athena was used to fit the near-edge region of the XAS spectra as a linear combination of reference spectra with typical relative errors on the order of 5%-10%. Recent work suggests that material preparation can affect this error [54, 55] . The XANES reference spectra were collected from both TcO 2 and TcO 4 − standards prepared previously reported [17, 68] . Our reference standards were prepared and mounted as fine powders to minimize XAS measurement errors.
Results and discussion
The interaction between H 2 S and Fe-bearing minerals has shown the potential for creating a permeable reactive barrier of FeS in soil that may be useful for immobilizing 99 99 Tc product, and (4) determination of the reductive capacity of the FeS.
FeS characterization
FeS was freshly prepared, and the freeze-dried FeS was examined by TEM ( Fig. 1) and SEM-EDS. The FeS aggregated as micron-sized particles consisting of smaller subparticles and particle clusters. The aggregation may have resulted from filtration and subsequent freeze-drying of the FeS suspension. The subparticles ranged from 20 nm up in size, with a highly porous surface. The B.E.T. surface area was measured as 66.96 m 2 /g, which is consistent with Wolthers et al. [56] The EDS measurements performed on various sized particles showed this FeS yields an approximate Fe : S ratio of 1 (FeS 0.97 ), which is consistent for all size fractions and agrees well with Mullet et al. [57] .
Potentiometric titrations
Potentiometric titrations of the FeS suspensions showed that the three curves for 0.01, 0.1, and 1.0 M NaCl intercept at pH 7.4 (Fig. 2) , indicating the pH pzc of this synthetic amorphous FeS is pH 7.4 (±0.3, n = 3). This value is much higher than that reported by Widler (pH pzc = 2.9) [58] , but consistent with the values reported by Wolthers (pH pzc = 7.5) [38] . Thus at pH >∼ 7.4, the surface becomes increasingly negatively charged, approaching saturation at high pH, while at pH <∼ 7.4, the surface becomes increasingly positively charged until the surface approaches saturation at pH 6.
FeS solubility
Iron sulfide dissolves to some extent in aqueous solution, and Fe 2+ can reduce TcO 4 − in acidic solution, although the reaction is slow [59] . Our previous studies showed that soluble sulfide immobilizes TcO 4 − in aqueous solution yielding Tc 2 S 7 , in which the Tc is most likely in the +4 oxidation state [17] . Thus, the concentrations of Fe 2+ and S 2− from dissolution of FeS in the selected pH range were determined.
The results showed that the solution pH (6.1-9.0) was the most important factor for FeS dissolution under anaerobic environments, with increasing dissolution of FeS observed as the pH decreased (data not shown) using previously reported methods [43, 44] . Although extending the stirring time to 24 h increased the dissolved FeS slightly, all the data showed that less than 0.4% of the FeS was dissolved, indicating that the amount of Fe 2+ dissociated from FeS was negligible in the pH range studied. The concentrations of S 2− determined from the dissociation of FeS were also measured and were consistent with the data from the Fe analysis. − increased with increasing ionic strength [60] [61] [62] . In this study, the influence of ionic strength on the reduction of TcO 4 − (150 µM) by FeS (0.15 mg/mL) in pH 6.5 NaCl solution (0.1-1.0 M) under anaerobic environments is shown in Fig. 3 . The reaction of TcO 4 − with FeS was accelerated at higher ionic strengths (Fig. 3) , however, the differences in rate were not very large at the ionic strengths investigated because all of the reactions were very fast; this is consistent with other studies [60] [61] [62] . In 1.0 M NaCl, the yield was 13.5% higher than that in 0.1 M NaCl (60.8% vs. 
Effects of pH on the immobilization of TcO 4 − by FeS
The pH-dependence of the reduction of oxyanions by Fe(II)-containing materials such as Fe(OH) 2 has been extensively studied [60, 63] . Cui et al. [60] demonstrated a linear decrease in the rate of TcO 4 − reduction with increasing pH by more than 1 order of magnitude in the pH range of 7-9.5. In this study, the effects of pH on the reaction of TcO 4 − (150 µM) with synthetic FeS (0.15 mg/mL) were studied under anaerobic environments with 0.1 M buffer in the pH range of 6.1 to 9.0. Fig. 4 shows the TcO 4 − -FeS reaction is strongly pHdependent, with both the reaction rate and the immobilization yield decreasing sharply with increasing pH. At 0.25 h (Fig. 4) , the immobilization yields at pH 6.1 and 7.0 were one order of magnitude higher than those observed at pH 8.5 and 9.0. A similar pH effect was observed at higher TcO 4 − and FeS concentrations (2000 µM and 1.0 mg/mL, respectively) (data not shown).
The reduction of TcO 4 − in solution by Fe(II)-bearing minerals has been reported to proceed via heterogeneous electron transfer from structurally bound Fe(II) and involves several steps such as the sorption of TcO 4 − on the surface of the minerals, electron transfer between the solid interface and the adsorbed oxidant, solid state electrochemical reactions and electron transfer [60] . The sorption of TcO 4 − on the surface was reported to be the rate determining step. Thus, a ligand exchange reaction was proposed to explain the sorption of TcO 4 − on the surface of Fe(II)-bearing minerals [60] . The TcO 4 − -FeS reaction reported here also showed similar ionic strength effects and pH-dependence, indicating that the sorption of TcO 4 − on the FeS surface may also follow a ligand exchange process [60] .
FeS surfaces are reported to have two possible functional groups: a ferrous hydroxyl group, −FeOH 0 , and a ferrous mercapto group, −FeSH 0 [40, 64] . According to Wolthers et al. [38] , the Fe-SH bond is favored below pH ∼ 10. FeSH sites thus dominate over -FeOH sites on the hydrated FeS surface below pH 10, and can be described as mono-coordinated (FeSH) and tri-coordinated sulfur (Fe 3 SH) sites. As our preparation of FeS followed the procedure of Wolthers [38] , the asymmetry of the surface charge curves shown in Fig. 2 indicates the presence of these sites.
The surface charge of solids in solution is strongly affected by pH [65] . When the pH of a solution is lower than pH pzc , both the mono-coordinated and tri-coordinated sulfur sites will protonate and the surface of FeS will be positively charged, while at pH higher than pH pzc , the FeS surface will be negatively charged.
The reductive adsorption of TcO 4 − on the surface of magnetite (Fe 3 O 4 ) was viewed as proceeding via a positive electrostatic attraction by the magnetite surface for TcO 4 − at pH values below pH pzc [66] . Applying this proposed model Table 1 . Tc K -edge XANES parameters from spectra in Fig. 5 .
Spectrum
Pre-edge peak (keV) Derivative position (keV) Maximum (keV) and the sorption mechanism to our study, the FeS surface is composed of positively charged FeSH 2 + and Fe 3 SH 2 + sites below pH pzc , and the negatively charged TcO 4
− will be attracted to these sites by electrostatic interactions accelerating the ligand exchange rate. The results support this with fast reaction rates observed at pH 6.1 and pH 7.0 (Fig. 4) . At pH 8.5 and 9.0, the negatively charged FeS − and Fe 3 S − sites repel the approaching TcO 4 − and the reductive immobilization reaction is retarded (Fig. 4) . Although the immobilization yields for pH 8.5 and pH 9 samples are less than 20% at 2 h (Fig. 4) due to retardation, all of the TcO 4 − is reduced by 48 h, consistent with the hypothesis. In addition, the EXAFS characterization of the product generated indicated no Tc-Fe bond, suggesting an outer-sphere complexation that probably involves electrostatic interactions [65, 67] .
Sample characterization
X-ray absorption spectroscopy (XAS) was used to characterize the black precipitates generated in the TcO 4 − -FeS reactions in 0.1 M NaCl solution under anaerobic environments. Three samples with immobilization yields of about 30, 60 and 100% were prepared by using different quantities of FeS (1.0, 2.0 and 10.0 mg, respectively). These XAS measurements were compared to reference spectra collected on TcO 4 − and TcO 2 · nH 2 O standards prepared as previously described [17, 68] . Fig. 5 shows the near-edge (XANES) region of the Tc K -edge X-ray absorption spectra from the samples obtained from the TcO 4 − -FeS reductive immobilization reactions and both the TcO 2 and TcO 4 − reference standards. Tc K -edge XANES positions have been shown to be less highly correlated with oxidation state than other materials [69, 70] . However, the distinct spectral line-shapes have provided "fingerprint" regions that are useful for compound determination. Table 1 gives the pre-edge peak position, derivative position and maximum photon energies determined from these spectra. The three samples had identical edge positions to that of the TcO 2 standard (21 058 eV) based on the derivative position. The pertechnetate spectrum has an intense preedge feature at 21 048.5 eV, while the TcO 2 standard does not [17] . The pertechneate pre-edge "fingerprint" was not observed in the spectra from the three samples, indicating that pertechnetate was not present in the reaction products. Qualitative analysis of the XANES data indicates that the reaction products have been reduced to TcO 2 from the starting material TcO 4 − . Quantitative, linear combination fitting (not shown here) with the two standards indicated that the spectra from the three samples were > 95% TcO 2 .
We performed calculations based on the TcO 2 structure [71] to simulate the XANES region of the standards. The use of FEFF in the simulation of XANES spectra has been described in detail elsewhere [49] . The calculations described here assumed the presence of a core hole, allowed quadrupole transitions, and were set up for solid state rather than molecular calculations. Fig. 5 shows the calculated XANES spectra compared to the experimental data. The calculation of the pertechnetate reproduces the intense pre-edge and the wide bandwidth (60 eV) with the two peaks in the XANES region. The dioxide calculations reproduce the narrow bandwith (40 eV), twin humps in the XANES region and show the absence of a major pre-edge feature. The calculated spectrum from the TcO 2 has also been overlayed with the experimental data from the three samples. This calculation matches both the bandwidth and the spectral shape of the experimental XANES spectra from the three samples. Table 2 . Tc K -edge EXAFS Fitting Parameters from Spectra in Fig. 6 . The error bars were set by fixing all other variables and finding the delta that resulted in a 50% increase of the R-factor of the best fit (TcO 2 R-factor = 0.04; 100% yield sample R-factor = 0.01).
While it is not currently possible to calculate "line on line" matches [73] between theoretical and experimental XANES spectra with current ab initio XANES methodologies, our calculated spectra clearly show that the reduction products are predominantly TcO 2 . Qualitative, quantitative, and theoretical analysis of the XANES spectra for the three samples shows that the product of the pertechnetate-FeS reaction was predominantly TcO 2 . This was confirmed by fitting the extended X-ray absorption fine structure data (EXAFS) from these samples.
Extended X-ray absorption fine structure data was also collected from the samples. The χ(R) transformations of the k 2 χ(k) from the TcO 2 standard and the 100% yield sample along with the best fits to the data are shown in Fig. 6 . The three reaction products were similar to the TcO 2 standard, so only the fitting parameters from the 100% yield sample and the standard will be discussed ( Table 2 ). The fitting was performed in positional or R-space over a range from 1.1 to 3.5 Å. The range in momentum or k-space Fourier transformed to give the R-space data was from 2.7 to 10.8 Å −1 . Simultaneous fitting in R-space was performed using both k 2 and k 3 χ(k) transformations. Focusing on the first three fitting paths that define the local environment around the absorbing Tc atom, we observed that the TcO 2 standard had approximately 6 neighboring O atoms at a distance of 1.99 Å. The standard was found to have 2 neighboring Tc atoms at a distance of 2.86 Å. The third path was a multiple scattering path between the Tc absorber and two neighboring oxygen atoms separated by 90
• . This third path clearly shows that the oxygen atoms are in an octahedral arrangement around the Tc absorber. Comparing the standard fit to neutron diffraction data on TcO 2 [71] , our EXAFS results are in excellent agreement to the reported average Tc-O bond distance of 1.98 Å with 6 neighbors and the average Tc-Tc bond distance of 2.85 Å with 2 neighbors.
The 100% yield sample was found to have 5 neighboring O atoms at a distance of 2.01 Å and 2 Tc atoms at distance of 2.92 Å. The third multiple scattering path was also very strong in the 100% yield sample, again indicating an octahedral arrangement of the O atoms around the Tc absorber. Overall, the scattering amplitudes were slightly reduced from that of the standard; this may be due to the formation of particles of a smaller size in the reaction product than in the standard sample. It is difficult to extract information for the higher shells due to significant overlap from multiple paths in this region. The EXAFS data was in complete agreement with the XANES results confirming that the samples obtained from the TcO 4 − -FeS reductive immobilization reactions with different yields were all predominantly TcO 2 .
Haines et al. [66] characterized the product obtained from the surface reduction of TcO 4 − with Fe 3 O 4 by FT-IR and reported this compound was TcO 2 with a Tc-O stretching vibration band at 896 cm −1 . Fig. 7 shows that all three compounds have absorptions at 902 cm −1 , consistent with the reported value for the Tc-O stretch in TcO 2 , indicating a TcO 2 -like compound was produced in the TcO 4 − -FeS reaction.
EDS spectra were used to measure the elemental composition on the surface of the product generated from the TcO 4 − -FeS reductive immobilization reaction. The absorptions of the S K -edge and the Tc L-edge were measured at 2.30 keV and 2.42 keV, respectively. Fig. 8 clearly showed the presence of Tc on the surface of the product with 60% immobilization yield, although the S and Tc were not well resolved. The at.% concentration of Tc on the product surface was about 5%. For S, the at.% concentration decreased from 30% to ∼ 15%. The at.% concentration of O increased from 10% to ∼ 23%, while the at.% concentration of Fe decreased from 33% to about 20%. It was reported by Livens et al. [36, 37] that the product obtained from the TcO 4 − -FeS reaction under anaerobic environments was a TcS 2 -like compound. If TcS 2 had been generated in the reaction, an increase in the at.% concentration of S should have been observed on the surface of the product. However, a decrease in the at.% concentration for S and Fe was measured along with the increase for Tc. There was no evidence showing the presence of TcS 2 on the surface of the product. This study suggests that TcO 2 is generated during the reaction along with the oxidation of FeS on the surface. The formation of TcO 2 may form a layer on the surface of FeS, resulting in the increases in at.% concentrations of both Tc and O and decreases of both Fe and S observed in the EDS spectra. Although the increase of Tc is not proportional to the increase of O due to the oxidation of FeS to iron oxyhydroxide [28] and the presence of residual water, the EDS spectra clearly show the formation of a TcO 2 -like species on the surface generated from the TcO 4 − -FeS reductive immobilization reaction.
Stoichiometry study
In an effort to study the stoichiometry between FeS and TcO 4 − , colorimetric methods were used to analyze solution samples for sulfide [43] , Fe 2+ , Fe 3+ [44] , and other oxidized species of sulfide [74] . The pH of the solution (0.1 M NaCl) was also measured before and after the reaction. The speciation of Fe 2+ and Fe 3+ was distinguished by dissolving the product collected from the TcO 4 − -FeS reaction with 0.05 M HCl under anaerobic conditions and making the measurements in both the presence and absence of reducing agent.
The spectrophotometric analysis clearly showed the presence of Fe 3+ , and thiosulfate (S 2 O 3 2− ) was the only sulfur species observed. Additionally, the pH of the solution significantly increased during the reaction. Taken together, the solution analysis, product characterization and pH increase suggest the following potential reactions may be occurring
Product stability
The reoxidation of the surface reduced product from TcO 4 − solution with Fe(II)-bearing minerals has been reported to be a very slow process [60, 66] . In the absence of other oxidizing agents, TcO 2 will be oxidized to TcO 4 − by the oxygen when exposed to the atmosphere. In this study, the stability of the product generated from the TcO 4 − -FeS reaction with about 60% immobilization yield (40% unreacted TcO 4 − and some unreacted FeS remaining in solution) was evaluated under both aerobic and anaerobic environments in 0.1 M NaCl solution at neutral pH.
Under aerobic environments, the concentration of TcO 4 − increased initially due to the oxidation of TcO 2 by O 2 in the air. At the 30 th day, the activity of TcO 4 − arising from oxidized TcO 2 reached a maximum of about 30% (Fig. 9) . On further reaction, the concentration of TcO 4 − in solution under aerobic environments slowly decreased to about 5% after 50 days with a very slow continued decrease for the following 150 days. A plausible explanation for this behavior is the sorption of TcO 4 − on the oxidized surface of FeS, reported to be iron oxyhydroxide [28] . The hydrous iron oxyhydroxide has the potential to form surface complexes with anions [75] and was reported to have little sorption of TcO 4 − over short time periods (0.24% in 4 h) [76] . However, it is possible that the iron oxyhydroxide sorbed TcO 4 − over a longer period of time, resulting in the decrease of TcO 4 − observed. Additionally, the radiolytic reduction of TcO 4 − to TcO 2 may also contribute to the decrease observed.
Under anaerobic environments, the TcO 4 − concentration in solution decreased over time, presumably from diffusion into the FeS matrix. The rate of TcO 4 − removal from solution gradually slowed, probably due to the increasing difficulty of TcO 4 − diffusion into the reactive sites on the FeS surface.
Reductive capacity of FeS
The reductive capacity of a reductant is an important factor for evaluating its potential for use with in situ reduction processes. It can be defined as the amount of an oxidant that can be reduced when sufficient time is given for the reaction to proceed to its maximum extent [77] .
The reductive capacity of synthetic iron sulfide for Cr(VI) was reported as 238 mg Cr(VI)/g FeS [29] . In this study, the reductive capacity of the FeS for TcO 4 − was calculated as 867 mg TcO 4 − /g FeS from the stability data from day 160 (Fig. 9) , indicating a high potential for application to TcO 4 − immobilization.
Conclusions
The reductive immobilization of TcO 4 − in aqueous solution with synthetic amorphous FeS under anaerobic environments showed a high reductive capacity. The reaction between FeS and TcO 4 − is pH dependent and is accelerated with increasing ionic strength. The reaction is assumed to be surface mediated through a ligand exchange mechanism to generate an outer-sphere complex according to the model of Wolthers [38] . Characterization of the product generated from the TcO 4 − -FeS reaction showed it to be TcO 2 , which exhibited good stability under anaerobic environments. The long term stability studies (Fig. 9) suggest that FeS has the potential to immobilize TcO 4 − in both anaerobic and aerobic environments and the potential for in situ immobilization of TcO 4 − in the vadose zone by H 2 S gas when iron-containing minerals are present.
